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Abstract
 
Thin flexible pavements are widely used worldwide in scarcely populated areas. However, this kind 
of pavement structure is not widely used in Germany. As a result, no M-E design procedure exists. 
Recently, a research project aiming to understand the response of thin asphalt pavements under design 
conditions in Germany showed that the durability of pavements with less than 50mm asphalt thickness 
proved to be satisfactory; provided that the design is performed considering the non-linear behaviour of 
the UGM’s in the base course. It was concluded that granular materials in the vicinity of the load must 
be modelled using non-linear stress dependent models. The paper presents an M-E design approach for 
thin surfaced asphalt pavements.  
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1 Introduction 
Thin asphalt layer (TAL) pavements are widely used in low volume road networks worldwide of 
scarcely populated areas. These pavements commonly consist of an upper thin bituminous layer (10mm 
to 40mm thickness) over one or more unbound granular layers on top of a well compacted soil subgrade. 
The bearing capacity of TAL pavements is provided to a large extent by the unbound granular materials 
(UGM´s) with the upper bituminous surfacing acting as a waterproofing layer with little contribution to 
bending stiffness. The design of TAL pavements is almost always done empirically and the cross 
sections and construction materials of these roads are based on country-specific experience in high-
standard asphalt pavements. Such an empirically based design method has the disadvantage in that the 
materials and layer thicknesses are selected in accordance with very inflexible design inputs. Hence, a 
need was identified to develop a mechanistic framework for estimating realistically the performance of 
TAL pavements in Europe.  
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2 Performance of UGMs in thin asphalt pavements 
A pre-requisite for a design for TAL pavements, based on the analysis of pavement response, is the 
development of reliable modelling techniques to simulate the performance of UGMs realistically. The 
deformation behaviour of UGM under cyclic loading can be represented in terms of strains as the sum 
of an elastic and a plastic part. The plastic strain rate is very small compared with the elastic strain value. 
The plastic strains are detached from the stress-strain calculation and modelled separately on the basis 
of the results of appropriate laboratory tests e.g. repeated load triaxial tests (RLTT). RLTTs on selected 
unbound granular materials (Sandy Gravel – SG 0/32, Granodiorite – GRA 0/32, Andesite - AND 0/32 
and Swedish Granite 0/32) were performed in order to determine the input parameters of a mechanistic 
design methodology for thin asphalt pavements. One of the chosen materials - Swedish Granite - was 
used previously in a 1:1 test track in Sweden. The aim is to use the data from a full scale test to validate 
the proposed design methodology. 
Traditionally, the UGM are treated as linear elastic. For TAL pavements, the linear elastic 
assumption for the UGM is not valid and the UGM must be modelled using non-linear stress dependent 
models. Many models that describe the stress dependent elastic behaviour of UGMs have been 
developed. One of the most widely used models is the “Modified Universal Model” (Equation 1) 
developed by UZAN:   
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Equation 1 
with ୰ - resilient modulus, Ʌ െbulk stress, ɒ୭ୡ୲ െoctahedral shear stress, ୟ- reference stress (100 
kPa) and ݇ଵǡ ݇ଶǡ ݇ଷ- material parameters. 
 The moisture content is after the stress level the most signiﬁcant factor affecting the elastic response 
of UGMs. Repeated load triaxial tests (RLTT) performed by Numrich (4) with test samples prepared at 
constant density but different moisture contents showed an increase on the resilient strain with an 
increase in moisture content. Some authors attribute this effect to pore water pressure development (5). 
Other authors indicate that the excess of water between the aggregates acts as a lubricant reducing the 
friction between particles and this increases the deformation (6). 
On this context, it is clear that an increase of moisture content in the UGL of a thin surfaced asphalt 
pavement, due to filtration from the surface or due to ice melting during thaw periods, leads to bearing 
strength loss. For this reason, the authors propose the following slight refinement to the “modified 
universal model” to account for the effect of moisture on the material stiffness.  
Close examination of the model shows that the parameter k2 characterizes the stiffening effect due 
to bulk stress and the parameter k3 represents the softening effect due to shear stress. The parameter k1 
is correlated with the absolute magnitude of the E-modulus. For small changes of moisture content it 
was observed that the stress stiffening and softening behaviour remains almost constant. However, the 
magnitude of the material stiffness decreases with increase of moisture content. This loss of stiffness 
can be introduced into UZAN Model by replacing the constant k1 by a moisture dependent function. 
The test performed indicated that for small changes in moisture content the parameter k1 decreases 
linearly with increasing moisture. For this reason, the authors propose the following slight refinement 
to the “Modified Universal Model” to account for the effect of moisture on the material stiffness: 
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Equation 2 
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with WC - moisture content, WC opt optimum proctor moisture content and kw1, kw2, k3, k4 - material 
parameters.  
The accumulation of plastic strain in the UGLs leads to rutting in granular pavements. For a purely 
mechanistic verification of plastic deformation on the top surface of the basecourse of TAL pavements, 
appropriate elasto-plastic models should be used. These models describe the accumulation of plastic 
strain in the material using physically-based formulations. Worldwide, a large number of such models 
are available, however, due to their complexity these models are currently only used for scientific 
purposes. The authors propose for the determination of the plastic deformation on top of the UGL an 
M-E approach in which the plastic deformation in the load axis is modelled based on the results of a 
multistage RLTT. The test results are used to fit the following function:  
ߝ௣௟ ൌ ߙ ൅ ߣ ܰ Equation 3 
with İpl - plastic strain, N - number of load cycles and Į, Ȝ - material parameter.  
The parameter Į combines the rapid increase in strains at the initial phase of the test, related 
mainly to post-compaction, and the accumulation of plastic strains during the first load cycles. The 
parameter Ȝ represents the constant plastic strain rate after a large number of load cycles. Results from 
RLTT undertaken on several UGM used in basecourse layers, showed that parameter Ȝ can be related 
with the elastic strain using Equation 4.   
ɉ ൌ ଵ൫ɂୣ୪൯ୟమ  Equation 4 
with İel - elastic strain and a1, a2 - material parameters. Figure 1 shows the approximation of the model 
and the RLTT results in terms of the vertical plastic strain rate versus vertical elastic strains for a 
Granodiorit 0/32. The black line corresponds to the function curve of equation 4. 
 
 
 
Figure 1: Vertical plastic strain rate versus vertical elastic strains – test results and plastic model 
according Equation 3 (2) 
 
Equation 4 implies that the plastic strain rate is the same for all stress combinations resulting in the 
same elastic strain, which may not be true in all cases. However, with this assumption, the number of 
load combinations needed to cover a wide spectrum of stress conditions are significantly reduced 
compared with a more advanced stress-dependent model.  
The parameters a1 and a2 of Equation 4 were determined with the data of a multistage long term 
RLTT in which elastic and plastic strains are recorded as a function of time. The authors propose a test 
protocol consisting of seven series of long sinus shaped loading steps of 50,000 load cycles each at 5 
Hz. The stress levels are shown in Table 1. The plastic strain rate Ȝ is determined from the plastic strain 
curve using the slope of the secant line between 25,000 and 50,000 cycles.  
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Test Cell pressure σ3 
[kPa] 
Vertical stress σ1 
[kPa] 
Number of load cylces 
[-] 
1 100 200 50,000 
2 100 250 50,000 
3 100 300 50,000 
4 130 430 50,000 
5 150 530 50,000 
6 150 650 50,000 
7 150 750 50,000 
Table 1: Test stress levels for characterizing the plastic deformation performance of UGM (2) 
Figure 2 shows as an example the results of the proposed multistage RLTT on a Granodiorit 0/32 at 
three different moisture contents. 
Figure 2: Vertical plastic strains versus number of load cycles for a Granodiorite 0/32 material. 
3 M-E Performance Prediction of thin asphalt pavements 
Currently, in the most M-E pavement design methods no considerations are made for the plastic 
deformation in the basecourse. Instead, it is assumed that no plastic deformation occurs if the UGM 
complies with some specifications that include criteria for aggregate strength, durability, cleanliness, 
grading, etc. This assumption is not valid for TAL pavements for which the life span is governed by the 
maximum rut depth is mainly derived from the plastic deformation development on the UGM near the 
load application.  
Ruts are a major concern especially on areas where water or ice can be collected resulting on a traffic 
safety risk. For this reason, many road authorities define the maximum allowable rut depth at a value of 
20mm before undertaking rehabilitation. 
Hence, a new M-E design approach was developed within this research focused on limiting the main 
sources of rutting of thinly sealed pavement structures: excessive plastic deformation in the subgrade 
and excessive plastic deformation of the UGM in the vicinity of the wheel load. The procedure is based 
on two steps: first, a response step is carried out where the response of the structure is calculated due to 
traffic loading, taking into account the effect of climatic conditions on material properties. Thereafter, 
a distress prediction is undertaken to evaluate the accumulated damage in terms of rutting originated in 
the subgrade and base granular layers. A design scheme of the procedure is presented in Figure 3. 
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Figure 3:  Overview of the M-E design scheme for thin surface asphalt pavements (2) 
 
The flow diagram consists of a first loop in which the year is divided in two seasonal periods 
representing normal and spring thaw conditions. During spring thaw the moisture content in the base 
UGM increases substantially. This increase leads to a loss of bearing capacity, which must not be 
ignored in the design process. According to the German M-E design method (RSTO 12), the length of 
the thawing period in Germany corresponds to the days with average daily temperature between -5°C 
and + 5°C. Thereafter a second loop is used to sweep over the traffic loading. The traffic load has to be 
considered in the design process by an appropriate range of axle load groups in conjunction with their 
associated frequency of occurrence (2). 
4 Input values for the Pavement Design Process 
A possible structure for TAL pavements, used for roads with low traffic volume, consists of a frost 
protection layer over the subgrade soil, 200 to 600mm of basecourse and of thin bitumen bound wearing 
course. The thickness of the frost protection layer depends on the climatic conditions of the region and 
the frost sensitivity of the subgrade. The subgrade material should be modelled assuming an isotropic 
linear elastic material behaviour.  
Besides providing a structural layer, the main purpose of the subbase is the frost protection. The frost 
resistance is guaranteed by an appropriate grading (ﬁne content bellow 0.063mm of less than 5%) and 
sufficient water permeability.  
The subbase materials show a stress-dependent behaviour. However, the magnitude of the stresses 
in the subbase is smaller than the stresses in the basecourse. Therefore, in practice, the use of non-linear 
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material behaviour into the stiffness computations in the subbase is of less importance that for the 
basecourse in TAL pavements. For this reason, if no material parameters are available for the subbase 
materials, simplified a linear elastic material approach can be used for the subbase layer without 
incurring in major errors. However, if triaxial test data on subbase materials are available a suitable 
material model, such as the one described previously for the basecourse materials, can be used to 
describe the non-linear stress and moisture dependence of the elastic properties of the subbase.  
The basecourse must be constructed of high quality aggregates, such as crushed rock. Stabilizers can 
be used to treat the upper part of the layer when the properties of the available UGM do not comply with 
the minimum design requirements. Non-traditional stabilizers can be applied to the top 300mm of base 
UGL as a solution for the short term loss of bearing capacity and strength related to seasonal changes. 
Hence, the base course layer could be constructed with materials whose bearing capacity are sufficient 
under normal conditions and stabilized with non-traditional chemical additives to reduce their moisture 
susceptibility in order to account for the loss of stiffness during freeze-thaw period. Stabilization with 
polymers is one of the most efficient non-traditional stabilization methods for coarse grained moisture 
susceptible road materials (2).  
One of the most important properties of the basecourse material is the gradation. In this regard, 
coarse graded aggregates should be used to increase the layer bearing capacity if the overall material is 
properly graded. Furthermore, narrow grading bands must be set to ensure homogeneity of the material. 
An appropriate material model, such as the one described previously in this paper, shall be used to 
describe the non-linear stress and moisture dependence of the elastic properties of the UGMs used in 
the basecourse.  
The wearing course of TAL pavements is a thin asphalt layer or a chip seal with thickness between 
10 and 40mm. The behaviour of this layer resembles a membrane with no bending stiffness. The main 
concerns about the use of thin asphalt wearing courses are susceptibility to ravelling, frost damage and 
cracking. Therefore, mixes with high resistance to plastic deformation and enough flexibility to 
withstand large elastic deformation without cracking must be used. The mixes shall be prepared with 
high quality aggregates with high resistance to fragmentation, wear and polishing to ensure proper grip 
and driving comfort. 
The asphalt layer should be modelled using a linear elastic material model considering the 
temperature dependence of the stiffness at normal/natural and high moisture contents (thaw conditions). 
For this purpose, a reference surface temperature at the two seasonal design cases must be stipulated 
(2).  
5 Performance Calculation  
Traditionally, asphalt pavements are analysed mechanistically as elastic layered systems resting on 
a homogeneous semi-infinite half-space. The limitation of a layered elastic approach is that the E-
Modulus must be constant within each horizontal layer and thus, the method cannot effectively deal 
with the material nonlinearity exhibited by the UGL. For this reason the FE method is preferred to 
analyse the response of granular pavements.  
For the proposed design approach, the analysis capabilities of the response model must include: 
• Stress dependent material model for UGMs in the basecourse. 
• Correction of tensile stresses at the bottom of the UGL.  
One of the main difficulties in the numerical analysis of UGLs of asphalt pavements is the tendency 
of horizontal tension stresses to be computed. A FE program used to model UGM must incorporate a 
tension cut-off algorithm to account for the negligible tensile strength of aggregate layers. In addition, 
by taking into account the anisotropy of basecourse materials it might be possible to reduce predicted 
tensile stresses in the base (2).  
Design of Thin Surfaced Asphalt Pavements Leischner et al.
849
  
5.1 Damage contribution due to Rutting in the Subgrade  
In most analytical pavement design methods, the design against plastic deformation in the subgrade 
is done with empirical transfer functions that correlate the maximum number of load cycles before 
failure with an indirect index that assess the plastic deformation propensity. This index is usually the 
vertical elastic strain at the top of the subgrade. Considering the design conditions of Germany, and after 
comparing results from several functions available in the literature, the authors propose to use the 
transfer function of the Swedish pavement design guide (Equation 5).  
 
ܰ ൌ ଼ǡ଴଺୉ି଼൫க౬ǡ౑ృ൯ర        Equation 5 
with İ(v,UG) - vertical elastic strain at the top of the subgrade, N - allowed number of load cycles before 
failure.  
 
The demonstration of compliance against rutting due to excessive plastic deformation in the subgrade 
can be done using Miner’s hypothesis. To prove the validly of the transfer functions, backcalculations 
should be undertaken using results from appropriate accelerated pavement tests. 
 
5.2 Rutting in the UGL  
A suitable plastic model for UGMs must be used to determine the plastic deformation at the top of 
the basecourse. There are different plastic models available in the literature, however their complexity 
makes them not practical for thin asphalt pavemetns. To overcome this limitation, the authors have 
proposed an empirical model, which is simple and easy to implement within a mechanistic framework. 
The implementation consists basically in the following steps: The plastic strains at the centroid of each 
element in the UGL are determined at the load axis with Equations 3 and 4 using appropriate material 
parameters and the elastic strain field obtained with the FE calculations. The plastic deformation įp of 
each element is thereafter determined with the element thickness Δze. The total plastic deformation of 
the UGL at the centre of the load is then calculated by accumulation of the plastic deformation in each 
element with depth. Results of FE calculations with different materials and pavement geometries 
showed that the highest risk of plastic deformation in the basecourse occurs in the top 300mm of the 
layer. The plastic deformation within this top 300mm should not exceed a limit of 15mm. For that 
reason, three sub layers can be defined each with a thickness of 100mm for the calculation of plastic 
deformation in the UGL. For these critical locations in the loading axis representative stress values 
should be calculated.  
5.3 Validation of a plastic deformation model with a full scale test 
The plastic model used in the mechanistic design methodology was validated using the results of 1:1 
field tests carried out at VTI in Linköping, Sweden (3). The field test was performed with the heavy 
vehicle simulator (HVS, Figure 4) on a thin asphalt pavement structure with an unbound granular layer 
made of one of the materials which parameters were determined through repeated load triaxial tests. 
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Figure 4: Heavy vehicle simulator at VTI, Sweden (3) 
Finally, Finite-Element (FE) calculations were undertaken using the in house software EasyFEM in 
order to simulate the elastic performance of the test section due to the load applied.  Figure 5 presents 
the results of the FE calculations.  
 
 
 
 
 
 
 
 
 
 
Figure 5: Distribution of the vertical elastic strains and the vertical stresses in the UGL at 70% and 
80% of OMC 
The results of the numerical simulation have shown a very good match with the plastic strain rate in 
the first stage of the test (between 50.000 and 350.000 load cycles). In the second stage, after increasing 
the water content to 80% of the proctor optimum, a slight difference between the experimental and the 
calculated strain rates was observed: the experimental strain rate is greater than the calculated rate 
(Figure 6). The reason for this may be that, in the experiment the increase of water content in the soil 
underneath the granular layer also contributes to the measured plastic deformation. However, it can be 
concluded that the post-compacted plastic deformation behavior of the UGM can be simulated well with 
the chosen plastic model using the results of RLTT in connection with FE calculations. 
Vertical stress
[kPa] 
Vertical elastic strain
[kPa] 
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Figure 6: Comparison of trends between measured and calculated permanent deformation in the SE-05 
test at VTI (2) 
6 SUMMARY 
Based on the results of RLTT on different basecourse materials and the results of field tests, the 
fundamental basis for the design of TAL pavements in Germany, was established. With the results of 
the material characterization and the experience of other countries, it appears possible to have pavement 
structures with asphalt layers of less than 50mm thickness for very low traffic volume (less than 100,000 
10t-standard axles).  
The behaviour of this asphalt layer resembles a membrane with no bending stiffness. The main 
concerns about the use of thin asphalt wearing courses are susceptibility to ravelling, frost damage and 
cracking. Therefore, mixes with high resistance to plastic deformation and enough flexibility to 
withstand large elastic deformation without cracking must be used. The mixes shall be prepared with 
high quality aggregates with high resistance to fragmentation, wear and polishing to ensure proper grip 
and driving comfort. The asphalt layer should be modelled using a linear elastic material model 
considering the temperature dependence of the stiffness at normal/natural and high moisture contents 
(thaw conditions). For this purpose, a reference surface temperature at the two seasonal design cases 
must be stipulated  
In addition, there are quality requirements that stipulate the type of UGMs which can be used in thin 
asphalt pavements. Only high quality UGMs that have high stiffness and low susceptibility to plastic 
deformation may be used, even at high moisture contents. The basecourse must be constructed of high 
quality aggregates, such as crushed rock. Stabilizers can be used to treat the upper part of the layer when 
the properties of the available UGM do not comply with the minimum design requirements. Non-
traditional stabilizers can be applied to the top 300mm of base UGL as a solution for the short term loss 
of bearing capacity and strength related to seasonal changes. Hence, the base course layer could be 
constructed with materials whose bearing capacity are sufficient under normal conditions and stabilized 
with non-traditional chemical additives to reduce their moisture susceptibility in order to account for the 
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loss of stiffness during freeze-thaw period. Stabilization with polymers is one of the most efficient non-
traditional stabilization methods for coarse grained moisture susceptible road materials. One of the most 
important properties of the basecourse material is the gradation. In this regard, coarse graded aggregates 
should be used to increase the layer bearing capacity if the overall material is properly graded. 
Furthermore, narrow grading bands must be set to ensure homogeneity of the material. An appropriate 
material model, such as the one described previously in this paper, shall be used to describe the non-
linear stress and moisture dependence of the elastic properties of the UGMs used in the basecourse (2).  
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